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A systematic review: The influence of real time feedback on wheelchair 
propulsion biomechanics 
Background: Clinical guidelines recommend that, in order to minimize upper 
limb injury risk, wheelchair users adopt a semi-circular pattern with a slow 
cadence and a large push arc 
Objectives: To examine whether real time feedback can be used to influence 
manual wheelchair propulsion biomechanics. 
Review methods: Clinical trials and case series comparing the use of real time 
feedback against no feedback were included.  A general review was performed 
and methodological quality assessed by two independent practitioners using the 
Downs and Black checklist. The review was completed in accordance with the 
PRISMA guidelines. 
Results: Six papers met the inclusion criteria. Selected studies involved 123 
participants and analysed the effect of visual and, in one case, haptic feedback.  
Across the studies it was shown that participants were able to achieve significant 
changes in propulsion biomechanics, when provided with real time feedback.  
However, the effect of targeting a single propulsion variable might lead to 
unwanted alterations in other parameters.  Methodological assessment identified 
weaknesses in external validity. 
Conclusions:  Visual feedback could be used to consistently increase push arc 
and decrease push rate, and may be the best focus for feedback training.  Further 
investigation is required to assess such intervention during outdoor propulsion. 
Keywords: Manual wheelchair propulsion, mechanical effective force, peak 
force, push arc, real time feedback, shoulder injury 
Introduction 
Sustained manual wheelchair propulsion commonly leads to upper limb injury and pain, 
which is associated with reduced physical activity and quality of life [1].  Published 
clinical guidelines suggest that manual wheelchair users should aim to minimise peak 
force and repetition during completion of a task [2].  To achieve this, in terms of 
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propulsion biomechanics, manual wheelchair users are commonly advised to propel 
with a semicircular pattern [3] at a push rate of 1 push per second and push arc in the 
range of 85˚ to 100˚ [4]. 
Wheelchair skills training has demonstrated benefit to manual wheelchair users, 
leading to an improvement in ability to complete a variety of functional tasks [5,6].  
Tracking and modification of specific propulsion parameters can be optimised with the 
use of instrumented wheelchair wheels, which have the capacity to measure the 
temporal parameters of propulsion in addition to the 3-dimensional forces and moments 
applied by the user to the wheelchair push rim [7].  The output from such devices has 
the potential to provide real time feedback during manual wheelchair propulsion. 
Similar real time biofeedback interventions have been previously proved successful in 
helping athletes modifying movement strategies, thus reducing injury risk [8, 9]. 
The aim of this systematic review is to examine the current knowledge about the 
benefit of using real time feedback to modify wheelchair propulsion biomechanics.  The 
review will consider different types of feedback and their impact on both temporal and 
kinetic propulsion parameters.  As instrumented wheelchair wheels and other 
rehabilitation devices become more widely available, it is important to identify how 
optimising methods of real time feedback could improve propulsion efficiency and 
minimise injury risk. 
Methods 
Study selection process 
A systematic review was completed to assess the influence of real time feedback 
on wheelchair propulsion biomechanics. The design of the review was developed 
according to the guidelines provided in the Preferred Reporting Items for Systematic 
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Reviews and Meta Analyses (PRISMA) statement [10]. The electronic databases Web 
of Science, PubMed, Science Direct, Cochrane Database of Systematic Reviews and 
IEEE Xplore were searched, including their full archive history to December 2015, 
using the following search terms: 
Manual wheelchair propulsion AND feedback 
The titles and abstracts of all studies identified were screened by two independent 
reviewers, and if matching the review inclusion and exclusion criteria full text articles 
were obtained.  The reference list of all selected full text articles was also reviewed.   
The inclusion criteria for the review were as follows: 
(1) Clinical trials and case series comparing the effect of real time feedback and no 
real time feedback on wheelchair propulsion biomechanics 
(2) Clinical trials including real time verbal, visual and haptic feedback 
(3) Full text, English language publications 
(4) Experienced and novice wheelchair users of any age 
The exclusion criteria for the review were as follows: 
(1) Case studies, editorials and review articles 
(2) Studies not comparing real time feedback to no real time feedback 
(3) Non-English language articles 
(4) Unpublished theses and dissertations 
Significant data from all included studies were extracted by both reviewers and 
subsequently compared in order to ensure completeness and consistency. Extracted data 
included number and characteristics of participants, study design, type and length of 
intervention, mean and standard deviation of outcome measures assessed and timing of 
post intervention assessment. 
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Study review process 
A general review of the literature was completed, including assessment of study design, 
study population, the type of real time feedback provided, the outcome measures used 
and whether the main findings were statistically significant.  In addition, the 
methodological quality of each of the studies was assessed using a modified version of 
the checklist published by Downs and Black [11].  The checklist has been previously 
used to assess the methodological quality of similar studies [12].  The checklist scores 
methodological quality under the headings reporting, external validity, internal validity 
bias, internal validity confounding and power.  The question relating to study power 
was simplified to determine whether a power calculation was performed.  If the answer 
was ‘yes’ one point was awarded and if ‘no’, zero points were awarded.  Each article 
was reviewed against the checklist by two people working independently.  Results were 
then compared, and disagreements were resolved during a face to face discussion. 
Results 
Study selection 
The systematic review identified 281 citations.  On review of the title and abstract of 
these citations, 18 articles were considered appropriate for full review and full text 
versions obtained.  12 of these articles were excluded.  One was a case study, four 
studies did not assess an intervention, and seven provided an intervention to improve 
wheelchair propulsion but did not examine the implementation of real time feedback.  
Six articles met the inclusion and exclusion criteria for the review. The review process 
is illustrated in Figure 1 and a summary of the main characteristics of the included 
studies is provided in Table 1. 
Figure 1. 
Table 1. 
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Participants 
In total, 123 participants were assessed in the six studies, 109 being male and 14 female.  
The mean age across the six studies calculated from the mean values presented was 35.5 
years.  5 studies examined a total of 103 experienced manual wheelchair users [13–17], 
the other study examined 20 novice non wheelchair users [18].  The 103 experienced 
manual wheelchair users comprised 92 participants with a diagnosis of Spinal Cord 
Injury (Injury level range C6-L3), six with a diagnosis of Spina Bifida, two with a 
diagnosis of Cerebral Palsy and single participants with a diagnosis of Spinal Lipoma, 
Multiple Sclerosis and Spinal Muscular Atrophy.  The mean time as a manual 
wheelchair user calculated from these 103 experienced participants was 14.6 years. 
Study characteristics 
Study design 
Two of the studies were randomised controlled trials [14,18].  The remainder of the 
studies employed a repeated measures design, assessing the change in propulsion 
biomechanics following intervention with respect to pre-intervention ‘control’ 
biomechanical results [13,15–17]. 
Intervention 
The studies used interventions including haptic, verbal and visual feedback.  Only one 
of the studies examined haptic feedback [13].  This was delivered by a wheelchair 
simulator, on to which a wheelchair was positioned.  Haptic feedback was delivered via 
an increase in resistance to propulsion when participants deviated from the suggested 
mechanical effective force (MEF).  Participants were also provided with visual 
feedback to ensure maintenance of propulsion velocity.   One of the randomised 
controlled trials divided participants in to three groups; a control group, an instruction 
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only group that received a multimedia presentation and an intervention group that 
received real time visual feedback on push frequency, push arc and propulsion velocity 
in addition to the multimedia presentation [14].  The other randomised controlled trial 
divided the participants into two groups, a control group receiving only real time visual 
feedback on propulsion velocity and an intervention group receiving real time visual 
feedback on both propulsion velocity and fraction of effective force (FEF) [18].  The 
remaining studies investigated real time visual feedback focusing on a range of 
variables.  Richter investigated the influence of single variable visual feedback 
including braking moment, push rate, push arc, push force, push distance and 
smoothness [15].  DeGroot provided visual feedback on push rate, push arc and push 
force [16] and Kotajarvi provided visual feedback on FEF, propulsion velocity and 
power output [17]. 
Study setting 
Each of the studies was completed in a laboratory setting.  Blouin et al. provided both 
feedback and measured outcome during propulsion on a simulator [13].  Rice et al. 
provided visual feedback during propulsion on a dynamometer and measured outcome 
during over ground propulsion [14].  DeGroot et al. provided visual feedback during 
propulsion on an ergometer and measured outcome during both ergometer and over 
ground propulsion [16]. The remaining three studies provided both visual feedback and 
measured outcome during propulsion on an ergometer [15,17,18].  Four of the studies 
measured outcome during the intervention [13,15,17,18].  Three of the studies measured 
outcome immediately post intervention [13,14,16] and only one of the studies presented 
results from longer term (three months) follow up [14]. 
Page 6 of 24
URL: http:/mc.manuscriptcentral.com/dandr  Email: davemuller@suffolk.ac.uk
Disability and Rehabilitation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
Outcome measures 
Temporal parameters 
Push rate is defined as the number of push cycles per second.  The aim of the 
interventions reported was to decrease push rate.  Three of the studies provided 
feedback on push rate and recorded it as an outcome measure [14–16].  Rice et al. 
reported a decrease in push rate in the intervention versus control group at both short 
term follow up (0.82 sec-1 vs. 1.10 sec-1, P<0.05) and long term follow up (0.87 sec-1 vs. 
1.10 sec-1, P<0.05) [11].  Although the visual feedback group demonstrated no 
significant reduction in push rate compared to the instruction only group in the short 
term, at longer term follow up a significant reduction was demonstrated (0.87 sec-1 vs. 
0.93 sec-1, P<0.05).  Richter et al. demonstrated a significant reduction in push rate 
when both aiming for a maximum reduction (64% decrease, P<0.005) and also a 10% 
reduction (9% decrease, P<0.005) [12].  DeGroot et al. reported a significant reduction 
in push rate with the addition of visual feedback (0.68 sec-1 vs. 0.99 sec-1, P<0.01) [16].  
Kotajarvi et al. used push rate as an outcome measure, but did not provide real time 
feedback on push rate as an intervention [17]. 
Push arc is defined as the angle over which force is applied to the wheelchair 
push rim.  The aim of the interventions was to increase push arc.  Three of the studies 
provided feedback on push arc and recorded it as an outcome measure [14–16].  Rice et 
al. reported an increase in push arc in the intervention versus control group at both short 
term follow up (107.7˚ vs. 97.9˚, P<0.05) and long term follow up (111.8˚ vs. 97.9˚, 
P<0.05) [14].  Although the visual feedback group demonstrated no significant increase 
in push arc compared to the instruction only group in the short term, there was a 
significant increase at longer term follow up (111.8˚ vs. 104.6˚, P<0.05).  Richter et al. 
demonstrated a significant increase in push arc when aiming for a maximum increase 
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(31% increase, P<0.005) and also a 10% increase (10% increase, P<0.005) [15].  
DeGroot et al. reported a significant increase in push arc with the addition of visual 
feedback (86.1˚ vs. 67.0˚, P<0.05) [16]. 
Kinetic parameters 
Peak resultant propulsion force describes the total force applied to the wheelchair push 
rim.  The aim of the intervention is to minimise this force.  Two of the studies provided 
feedback on peak force and recorded peak force as an outcome measure [15,16].  
Richter et al. reported that participants were able to significantly reduce peak forces 
when aiming for maximum reduction (-11%, P<0.005), but not when aiming for a 10% 
reduction [15].  DeGroot et al. reported a significant increase in peak push force (13.89 
pounds vs. 11.89 pounds, P<0.05), despite the aim of the feedback being to reduce peak 
force [16]. 
Braking moment is defined as the ‘minimum (negative) moment about the axle 
from the end of the previous push phase to the end of the current push phase’ [15].  
Richter et al. reported a significant reduction in braking moment as a result of visual 
feedback (-44%, P<0.005) [15]. 
MEF/FEF are defined as the effective component of the propulsion force which 
drives the wheels forward [17].  Three of the studies provided feedback on MEF/FEF 
and record MEF/FEF as an outcome measure [13,17,18].  Blouin et al. reported a 
significant increase in MEF with the addition of haptic feedback (P<0.02) [13].  
Kotajarvi et al. reported no significant change in FEF at 2 different intensity levels [17].  
Contrary to this, de Groot et al. reported significantly greater levels of FEF with 
feedback at three different levels of power output, 0.15 W.kg-1 (90.22% vs. 79.26%, 
P<0.01), 0.25 W.kg-1 (97.47% vs. 83.04%, P<0.01) and at 0.40 W.kg-1 (96.56% vs. 
83.14%, P<0.01) [18]. 
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Push distance is defined as the distance travelled during one propulsion cycle 
[15].  Richter et al. reported a significant increase in push distance with visual feedback 
when aiming for both maximum increase (255%, P<0.005) and also a 10% increase 
(11%, P<0.005) [15]. 
Smoothness is defined as the mean force divided by the peak force (unit less 
variable)[15].  Richter et al. reported no significant improvement in smoothness with 
the addition of visual feedback [15]. 
Four of the studies also provided visual feedback on propulsion velocity 
[13,14,17,18].  This feedback was provided to enable participants to control their 
velocity, rather than alter it. 
Cross variable effects 
One of the studies directly compared the cross variable effect of modifying 
single variables with visual feedback [15].  Minimising push rate was associated with an 
increase in contact angle and push distance, but a 154% increase in peak force.  
Maximising push arc was associated with a significant reduction in push rate and an 
increase in push distance, but a 34% increase in peak force. 
Methodological quality 
The Downs and Black study quality scores are presented in table 2.  The highest 
score was 19/28 [18] and the lowest 12/28 [13].  Across each of the six studies, the 
scores were particularly low for the section measuring external validity, with all studies 
completed in the laboratory setting.   
Table 2. 
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Discussion 
This systematic review aimed to determine whether the use of real time 
feedback could lead to changes in manual wheelchair propulsion biomechanics.  The 
results suggest that real time visual feedback can be used to alter push rate [14–16], 
push arc [14–16], push force [15], MEF [18], braking moment [15] and push distance 
[15].  The results also suggest that real time haptic feedback can be used to alter MEF 
[13].  The results suggested that modifying temporal parameters may be more 
successful than modifying kinetic parameters.  There is limited evidence to support the 
carryover of such interventions, and further research is required to enable useful 
application of real time feedback away from the laboratory during day to day 
wheelchair propulsion. 
Outcome measures 
Temporal parameters: Reducing push rate has been associated with a reduction 
in upper extremity total muscle power during a study utilising forward dynamic 
simulations [19] and also preservation of median nerve function at the wrist [20,21].  
Increasing push arc has been advised, to enable greater power generation for a set force 
by applying this force over a greater angle [22].    Providing real time visual feedback to 
reduce push rate and increase push arc demonstrated beneficial effects during the 
intervention [15], immediately following the intervention [14,16] and at three months 
follow up [14], indicating that they may be  successful parameters to target as part of an 
initial training program and also during real time feedback via an instrumented 
wheelchair wheel. 
Kinetic parameters: Higher push rim forces have been associated with both 
progressive shoulder joint pathology [23] and  reduced median nerve function[20].  
Guidelines suggest that peak force applied to the push rim should be minimised to 
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preserve upper limb function [2,4].  The results of the review demonstrated conflicting 
evidence regarding the use of visual feedback to minimise peak force.  DeGroot et al. 
reported a significant increase in push force [16].  During this study, visual feedback 
was provided on three variables at the same time (push rate, push arc and peak force) 
and it was concluded that push force may have increased to compensate for a reduction 
in push rate to maintain the same push length.  Richter et al. reported a significant 
reduction in push force when participants were attempting to minimise it, but 
participants were not able to control a reduction in push force of 10% [15].  This study 
investigated single variable feedback and discussed the difficulty in minimising peak 
force, suggesting that providing visual feedback on the whole force curve rather that 
peak value may be beneficial.  The review also identified contrasting results from the 
studies reporting MEF/FEF as an outcome measure.  Blouin et al. reported a significant 
increase in MEF with the addition of haptic feedback [13] and de Groot et al. reported 
significant increases in FEF at three levels of power output with the addition of visual 
feedback [18].  However, Kotajarvi et al. reported no significant increase in FEF at two 
levels of power output with the addition of visual feedback [17].  In addition to these 
inconsistencies, the validity of aiming for an increase in MEF/FEF to minimise upper 
limb injury risk has been questioned.  Previous research has highlighted that increased 
application of tangential force can lead to increased forces and moments at the 
glenohumeral joint [24] and also increased glenohumeral joint muscle demand [25].  In 
addition to the greater stresses placed on the upper limb, increasing MEF has been 
associated with a greater physiological cost [18]. 
Cross variable effects 
The success of optimising a single variable cannot be measured in isolation of 
the cross effect on other variables.  Only one of the studies reviewed measured 
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statistically the impact of altering a single variable on others measured [15].  The results 
of this study demonstrated that while inducing a desired change such as reducing push 
rate, there may be a resultant undesirable change, in this case an increase in push force.  
To highlight the balance between minimising task repetition and peak force 
application, it is useful to apply the examples of reducing push rate and increasing push 
arc to the average daily activity of a manual wheelchair user.  Previous data tracking 
activity levels of manual wheelchair users has reported the average distance travelled 
per day to be 1600m [26].  Using the baseline data and percentage change values for 
single variable feedback presented by Richter et al. the balance between frequency and 
load would vary as follows: 
Minimising push rate to 18.87 stokes per minute increased push arc to 108.79˚, 
increasing peak force to 145.75N with an average distance per push increasing to 
4.27m, the manual wheelchair user would make 374 pushes during the day.  Reducing 
push rate by 10% to 47.69 strokes per minute increased push arc to 87.90˚, increasing 
peak force to 61.97N with an average distance per push increasing to 1.48m, the manual 
wheelchair user would make 1082 pushes per day. 
Maximising push arc to 114.00˚ reduced push rate to 36.69 strokes per minute, 
increasing peak force to 76.89N with an average distance per push of 2.19m, the manual 
wheelchair user would make 729 pushes per day.  Increasing push arc by 10% to 95.73˚ 
reduced push rate to 45.07 strokes per minute, increasing peak force to 63.12N with an 
average distance per push of 1.61m, the manual wheelchair user would make 994 
pushes per day. 
Minimising the push rate leads to the requirement of many fewer pushes, but the 
peak forces are very high, equivalent to climbing a 12% ramp, which are associated 
with higher glenohumeral joint contact forces and theoretically greater risk of injury 
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[27].  Maximising push arc leads to the requirement of fewer pushes, with less increase 
in peak force, but increasing the push arc to such an extent may lead to injury due to the 
upper limb moving to greater extremes of movement, which should be avoided [2].  
Inducing a 10% reduction in push rate lead to an increase in peak force and push 
distance, whereas inducing a 10% increase in push arc lead to a slighter greater increase 
in push force than during the push rate reduction, but also a greater increase in push 
distance and therefore reduced pushes during daily activity.  These results suggest that 
optimising push arc towards 100˚ may result in the best balance between peak force and 
task repetition, although such an assumption needs to be tested during more challenging 
propulsion tasks away from the laboratory, whilst maintaining the required chair 
velocity.     
Methodological review 
The results revealed that a key future development would be to improve external 
validity.  Each of the studies was completed within a laboratory, with the real time 
feedback provided during propulsion on an ergometer or treadmill.  Propelling a 
wheelchair outdoors provides a different challenge, negotiating terrain including cross 
slopes [28] and inclines [29,30] has been shown to increase upper limb demand.  
Further research is required not only to assess whether real time feedback can be 
successful in a changing environment, but also to determine how best to apply this 
feedback.  Providing real time visual feedback is possible in a laboratory experiment, 
but not practical during outdoor propulsion when negotiating the environment requires 
visual focus on the terrain.  The acceptability and effectiveness of other forms of 
feedback such as auditory and haptic (vibration) requires investigation.  Both auditory 
[31] and haptic feedback via vibration [32] have been shown to influence the 
biomechanics of gait.   
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The review demonstrates the success of real time feedback in improving 
propulsion biomechanics in both complete novices [18] and also experienced manual 
wheelchair users [13–16].  This indicates that real time feedback may be beneficial both 
in the early stages of wheelchair skills training and also to optimise an established 
technique.  However, only one of the studies included in the review reported outcome at 
longer term follow up [14].  Therefore it is not possible to establish whether a single 
period of intervention is sufficient to influence technique in the long term.  In addition, 
only one of the studies reports statistical power [15]. 
Limitations 
The main limitation of the review is that due to the small number of articles included 
and the differences in terms of population recruited, type and form of intervention 
applied and outcomes measures recorded, a meta-analysis was not possible.  In addition, 
the articles selected only consider the direct impact of real time feedback on temporal 
and kinetic push rim parameters.  For further insight into minimising injury risk, the 
secondary impact of altering push rim variables on participant kinematics (joint angle 
and muscle activity levels) should be considered. 
Conclusion 
The findings of this review suggest that real time visual and haptic feedback can be used 
to modify wheelchair propulsion biomechanics.  These results in conjunction with 
previous research investigating wheelchair propulsion and upper limb injury risk 
suggest that push arc and push rate may be the best parameters to target to optimise the 
fine balance between minimising peak force and task repetition.  In addition, it appears 
that applying single variable feedback may be more successful than multiple variable 
feedbacks.  However, these conclusions are drawn from data collected in the laboratory, 
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mainly investigating the use of real time visual feedback.  In reality, real time visual 
feedback is not a practical or safe option for the wheelchair user negotiating journeys 
outdoors.  Further investigation is required to determine if the findings of the review can 
be applied during journeys outdoors and also if other forms of real time feedback, 
including auditory of haptic (vibration) can be successfully applied. 
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Figure 1. Flow chart showing the literature search process. 
 
Records identified, Web of Science: 13, PubMed: 10, Science 
Direct: 151, Cochrane library: 2, IEEE Xplore: 105
Full text articles assessed for eligibility (n = 18)
Studies included in qualitative 
synthesis (n = 6)
Full text articles excluded (n = 12), 1 
case study, 4 no intervention, 7 
intervention but not real time feedback
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Table 1. Summary of eligible studies. 
Study Design Population Intervention Outcome 
measures 
Results When outcome 
measured 
Blouin 
(2015) [13] 
Cross-over trial 
with repeated 
measures 
18 SCI (range C7-L1), 
16 male, 2 female 
Haptic feedback provided by 
wheelchair simulator: MEF 
 
Visual feedback to guide 
maintenance of velocity 
Mechanical 
effective force 
(MEF) 
 
Mean Linear 
velocity 
 
 
Mean linear velocity 
remained equivalent 
 
Significant increase 
in MEF with haptic 
feedback 
Immediately post 
intervention  
DeGroot 
(2002) [18] 
Randomised 
controlled trial 
 
 
20 able-bodied male 
participants 
Control group (n=10) no 
visual feedback: wheelchair 
propulsion on stationary 
ergometer 
 
Intervention group (n=10) 
visual feedback: wheelchair 
propulsion on a stationary 
ergometer with visual 
feedback to guide FEF and 
velocity 
Mean velocity 
 
Fraction of 
effective force 
(FEF) 
 
 
Significant increase 
in FEF at 3 levels of 
power output (0.15 
W
.
kg
-1
, 0.25 W
.
kg
-1
 
and 0.40 W
.
kg
-1
) 
During 
intervention 
 
DeGroot 
(2009) [16] 
 
Case-series with 
repeated measures 
 
9 manual wheelchair 
using adults 
 
Visual feedback: push rate, 
push arc, push force 
 
Push rate 
 
Push arc 
 
Push force 
 
Significant reduction 
in push rate 
 
Significant increase 
in push arc 
 
Significant increase 
in push force 
 
 
Immediately post 
intervention 
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Kotajarvi 
(2006) [17] 
Controlled trial 18 SCI (range T4-L2), 
16 male, 2 female 
Visual feedback: FEF, 
propulsion velocity, power 
output 
FEF 
 
Velocity 
 
No significant 
difference in FEF at 2 
levels of power 
output 
During 
intervention 
 
 
Rice (2013) 
[14] 
 
Randomised 
controlled trial 
 
27 SCI (range C7-L3), 
24 male, 3 female 
 
Control group (n=9): 
Wheelchair propulsion on a 
dynamometer 
 
Instruction group (n=9): 
Multimedia presentation 
then propel on 
dynamometer 
 
Real-time visual feedback 
group (n=9): Multimedia 
presentation then propel on 
dynamometer with real-time 
visual feedback: push rate, 
push arc, propulsion velocity 
 
 
Push rate 
 
Push arc  
 
Propulsion velocity 
 
 
Push rate: significant 
decrease vs. control 
group at short and 
long term follow up 
and vs. instruction 
group at long term 
follow up 
 
Push arc: significant 
increase in push arc 
vs. control group at 
short and long term 
follow up and vs. 
instruction group at 
long term follow up 
 
Immediately post 
intervention and 
at three months 
follow up 
Richter 
(2011) [15] 
Case-series with 
repeated measures 
31 manual 
wheelchair users 
(SCI, Spina Bifida, CP, 
Spinal lipoma), 27 
male, 4 female 
 Visual feedback: push rate, 
push arc, peak force, braking 
moment, push distance, 
smoothness (separate trial 
for each variable aiming for 
maximum and 10% change) 
Push rate 
 
Push arc 
 
Peak force 
 
Braking moment 
 
Push distance 
 
Smoothness 
Maximum change 
trials: significant 
improvements in all 
parameters except 
smoothness 
 
10% change trials: 
change to within 1% 
of goal for all 
parameters except 
peak force 
During 
intervention 
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Table 2. Methodological quality according to modified Downs and Black checklist [11].  
Paper Reporting External validity Internal validity 
Bias     Confounding 
Power Total 
Maximum score 11 3 7 6 1 28 
Blouin (2015) [13] 7 0 4 1 0 12 
DeGroot (2002) [18] 9 0 6 4 0 19 
DeGroot (2009) [16] 8 0 4 2 0 14 
Kotajarvi (2006) [17] 8 1 6 1 0 16 
Rice (2013) [14] 8 1 4 4 0 17 
Richter (2011) [15] 7 0 4 1 1 13 
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Implications for Rehabilitation 
 
• Upper limb pain and injuries are common secondary disorders that negatively affect wheelchair users’ 
physical activity and quality of life 
• Clinical guidelines suggest that manual wheelchair users should aim to  propel with a semi-circular pattern 
with low a push rate and large push arc in the range in order to minimise upper limbs’ loading 
• Real time visual and haptic feedback are effective tools for improving propulsion biomechanics in both 
complete novices and experienced manual wheelchair users 
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